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ABSTRACT; This is a report describing the accoo^jlishments of the Applied 
Physics Department for the calendar year i960. The effort has been con¬ 
centrated on investigations of the energy bands in semiconductors by 
optical methods dealing with the lead salt compounds Pbs, PbSe, and 
PbTe, as well as certain intermetallic semiconductors. This work also 
includes measTirements of the reflectivity of intermetallic semiconductors. 
Investigations of the ccanposition properties of lead telluride have 
resulted in a better understanding of the phase diagrams of lead telluride. 
We have continued work on surface effects and transport phenomena, and on 
the study of recombination lifetimes. 

The magnetic behavior of rare earth magnetic alloys has been examined. 

The effect of Zener's double exchange phenomenon has been obtained In 
certain manganese compounds. We have carried out theoretical work on 
crystal and magnetic anisotropy and how it relates to the intensity of 
meignetization and the C\irie temperature. The physical properties of 
materials have been studied, in particular the properties of intermetallic 
metals, metal oxide whiskers, and the structure of fuzed silica. In the 
latter instance we have been able to obtain important information as to 
the atomic configurations. Our neutron diffraction studies have found 
aspherical unpaired 3 d electron charge distributions in iron, aluminum and 

NiO compounds. 
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MATERIALS REPORT FOR THE APPLIED PHYSICS DEPARTMENT 


K 






INTRODUCTION 

The year i 960 constituted the third anniversary of the formation of 
the Applied Physics Department; an effort to bring together various 
pro^jects and interests that are concerned with the properties of materials. 
In this report we summarize briefly the various accomplishments. The plan 
has been one emphasizing category of endeavor rather than a formal 
separation of basic from applied studies. In this manner we present a 
well rounded program of vaxiotis vindertakings. 

During the year we were pleased to have published the book covering 
the second conference on semiconductor surfaces, which was held at this 
Laboratory on 2, 3> and 4 December 1959* This conference was carried out 
under co-sponsorship of the U. S. Naval Ordnance Laboratory and the Office 
of Naval Research. The conference was a logical undertaking in view of 
the interest that had been continually present in this Laboratory on 
surface properties. Reports were presented on new techniq.ues used in the 
study of semiconductor surfaces, the preparation of clean surfaces of 
germanium and silicon, the theory of surface transport noise and origin of 
surface states, the properties of 2-6 and 3“5 compounds, surface chemistry, 
and other similar problems. 

During the summer of i 960 ve took an active part in the Prague 
International Conference by presenting four papers at this meeting. 

Our neutron diffraction work on magnetic materials has been shaping 
up along the lines of form factor investigations and in particular the 
asymmetrical nature of the 3 d unpaired electron charge distributions in 
transition metal atoms. We are now carrying this as one of our primary 
objectives to determine not only the nature of this asymmetry but also how 
it will vary according to the type of atoms present, i.e., the differences 
between neutral atcans and ionic ones. 

We now report for the first time on new work being undertaken on a 
class of compounds known as intermetallic metals. This general class can 
be identified as compounds which exhibit a melting point higher than 
either of the constituent elements. We present findings of a hew alloy 
that shows extreme hardness and yet remains non-magnetic. 

During the year we have emphasized to a greater extent the importance 
of the use of ultrasonic methods for determining the properties of 
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materials. This is proving to he successful in several instances. 


BAND STRUCTURE OF THE LEAD SALT 
SEMICONDUCTORS PbS, PhSe, and PbTe 

Weak-field magnetoresistance in a cubically-symmetric crystal may be 
expressed in terms of three coefficients b, c, and d from which, under 
favorable circumstances, information concerning the band structure and 
scattering mechanisms in the material may be deduced. When the energy 
band extrema are ellipsoids of revolution located along symmetry axes, 
these coefficients are a function of two parameters: G, a combination of 
integrals depending on the scattering law and the statistics, and K, the 
anisotropy peurameter (the ratio of mass anisotropy to scattering time 
anisotropy). In this type of model, a relationship of the form b + c + 
xd = 0 exists among the coefficients, independently of the values of G 
and K. For energy surfaces which are ellipsoids of revolution along the 
< 100 >, < 111 ^ or < 110 > directions in k-space x equals 1 , 0 , or - 1 , 
respectively. 

Recently, we obtained magnetoresistance data on high-quality single 
crystals of p-PbTe which were grown at NOL using the Czochralski method. 

We found that x = 0 ± 0.03 at room temperature and at 77*K, a strong 
indication that<111> valleys are present in the valence band of PbTe. 

The formulas for this model then lead to the values G = 1.17> K = 4.74 
(room temperature), and G = 1.0l6 and K = 4,20 ( 77‘’K), i*reliminary room 
temperature results for n-EWe also suggest <111 > ellipsoids with some¬ 
what smaller anisotropy (Ks:3), while for n- and p-type PbS and PbSe the 
longitudinal magnetoresistance coefficients are an order-of-magnitude 
smaller than in p-PbTe. This suggests approximately spherical energy 
surfaces centered at k = 0 for these bands, rather than multiple ellipsoids. 


OPTICAL ABSORPTION IN THE LEAD SALTS 

It has been shown theoretically that the absorption coefficient in 
semiconductors caused by optically induced transitions across the forbidden 
energy gap should be proportional to for allowed direct transitipns 

and proportional to for some indirect transitions. Here hV is the 

photon energy, and Eq is the optical energy gap. This theory has been 
applied experimentally to the lead salts, and the values for direct and 
indirect transition energies obtained. One would also like to know - 

whether the indirect transitions are vertical transitions (no change in 
crystal momentum) or not. 
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One possible method to distinguish between a vertical and a non¬ 
vertical indirect transition is to observe the energy dependence of the 
absorption near the edge as a function of temperature below the Debye 
teniperature. This ?ias been done but the results were not decisive enough 
to be able to distinguish between the two models. This experiment, 
however, did show good agreement with the rate of change of indirect 
transition energies with respect to temperature found by Gibson. 

Another possible method to explore the band structure is optically to 
induce transitions from one minimum to another within the conduction band 
or the valence band. This is being attempted on n-type and p-type 
material. In p-type PbS, preliminary experiments indicate that there may 
be absorption at energies smaller than the energy gap but much larger 
than the energy difference between direct and indirect transition energies. 


STARK SPLITTING OF THE DIRECT 
EXCITON IN GERMANIUM 

A study of strong internal electric fields has been begun using the 
Stark splitting of the exciton line in germanium as a measuring tool. 

An extremely thin diode structure will be employed and biasing of the diode 
will give the internal fields. No measurements have been made yet since 
instrvimentation for the experiment has not been completed. 


SHIFT OF THE FUNDAMEHTAL ABSORPTION EDGE 
OF INDIUM ARSENIDE TO LOWER ENERGIES 

The absorption of infrared light in indium arsenide at room temperature 
increases very abruptly in the neighborhood of four microns. This is often 
referred to as the fundamental absorption edge region. The rapid change 
in the absorption is due to the onset of photon-induced electronic trans¬ 
itions between the valence and the conduction bands. Thus, the position 
of the absorption edge serves as a measure of the separation of these 
bands. A topic of particular interest has been the dependence of the 
position of the edge upon the concentration of Impurities. Previous studies 
at this Laboratory have shown that the addition of donor iii 5 )virities to 
InAs moves the edge to higher energies. This is related to the filling of 
energy levels near the bottom of the conduction band. In contrast to this, 
recent studies have shown that the addition of acceptor impurities moves 
the absorption edge to lower energies. Similar negative shifts have been 
reported in indium antimonide, gallium arsenide, and cadmium telluride. 
Consequently, the phenanenon appears to have fundamental significance. 
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Our experimental results applying to this negative shift are presented 
in Fig. 1. The data represented hy the squares apply to relatively pure 
InAs, with a net donor concentration of 2 x 10^^ per cm3. The other two 
sets of data apply to materials with the zinc-acceptor imptirity con¬ 
centrations indicated in Fig.l. The magnitude of the shift increases with 
the nmber of accejitors. For an acceptor concentration of 2.4 x 10^'^cm“3, 
the shift measured at an absorption coefficient of 100 cm“l is 0.013 ev. 

D. M. Eagles of the Services Electronics Research Laboratory in England 
has proposed that this shift is due to electronic transitions between the 
added acceptor levels and the conduction band. His theory indicates that 
the absorption coefficients at a given low energy such as 0.34 ev in the 
figure should be proportional to the acceptor concentration. This 
prediction is substantiated by the experimental results. On the other 
hand, the theoretical energy dependence of the absorption coefficient 
associated with transitions of this type is considerably weaker than 
foimd experimentally. It is possible that the discrepancy is due to 
transitions originating from other levels which have not been taken into 
account. Another possibility is that the discrepancy is due to a failure 
of some of the siit 5 )lifying assvimptions on which Eagles’ theory is based. 
These points require fiirther study. 


CALCULATIONS OF OPTICAL ABSORPTION 
OF INTERMETALLIC SEMICONDUCTORS 

General features of the electronic energy band structure of III-V 
intermetalllc semiconductors such as indium arsenide are fairly well 
known, but not all of the parameters which enter have been accurately 
evaluated. One useful method for determining these parameters is through 
optical measurements, which can then be compared with calculations based 
on specific models. 

Calculations have been made for both indium arsenide and indi\an 
antimonide. For InAs the calculated absorption beyond the intrinsic 
absorption edge was compared with experimental values determined at NOL* 

The effective mass at the bottaa of the conduction band was fovind to be 
0.024 ± 0.003 times the free electron mass. Coulcaab interaction between 
the electron and hole produced by absoii)tion of a photon has not been con¬ 
sidered as yet, and will probably lead to an adjustment of the estimated 
mass. Calculations have also been made for the interband transitions 
in InSb. When these are compared with published data, a value of 
0.4 ± 0.1 times the free electron mass is deduced for the average effective 
mass of heavy holes. This is about twice as big as the usually quoted value, 
but seems to be consistent with a fairly wide range of observations. 
Calculations similar to these can be made for other III-V semiconductors eis 







NOLTR 61-49 



(,_W0) lN310ldd300 NOIlddOSaV 


ENERGY (EV) 

The shift in the position of the fundamental absorption edge of indium 
arsenide at room temperature as a function of zinc-acceptor 



NOLTR 6l-i^9 


suitable optical absorption data become available, and should help to give 
more accurate values of band structure parameters, particularly for the 
heavy holes. 


REFLECTIVITY OF INTERMETALLIC SEMICONDUCTORS 

Information about the c^tical properties of semiconductors is normally 
obtained from measurements of absorption constant and reflectivity. For 
energies well above the intrinsic'energy gap, however, the optical 
absorption becomes so strong that extremely thin samples are required if 
light is to be transmitted through them. A form' of the Kramers-Kronig 
relations, based on the requirement that no effect can precede the source 
of the effect, gives the phase of the complex reflectivity if its 
magnitude is known over a siifficiently wide frequency range. Thus, 
reflectivity measurements can be used to give the optical constants in 
the frequency range for which absorption measurements are difficult. 

The reflectivities of polished samples of several intermetallic 
semiconductors are to be measured at normal incidence over the spectral 
region from 2200 Angstroms to 15 microns for a number of samples of 
Indlvim antlmonlde, indltim arsenide, and gallium arsenide. A Perkin Elmer 
model 112U spectrometer equipped with reflectance attachment is employed 
for obtaining relative reflectivity data. A rhodium mirror, recently 
calibrated outside the Laboratory, is used as a secondary standard for con¬ 
version to absolute reflectance in the visible and ultraviolet regions, 
while an aluminized mirror serves this purpose in the infrared. The 
calculation of the optical constants as outlined above is being programmed 
for machine computation. 

CHEMISTRY OF THE FbS DEPOSITION REACTION 

Sensitive infrared detectors of PbS can be prepared either by 
evaporation or by chemical deposition. During the past several years an 
effort has been made at this Laboratory to correlate the chemistry of the 
aqueous deposition of FbS films with their physical properties. As a 
part of this project, a kinetic study of the deposition reaction was 
undertaken. 

The solution used for depositing the films was prepared by mixing 
together solutions of sodium hydroxide, a lead salt, and thiourea. It 
was found that within the experimental error, the molar ratio of the lead 
to hydroxide consumed during the reaction was 1:2, and the ratio of 
thiourea to lead was Just slightly less than 1:1. These ratios help to 
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coiifirm the following equation for the overall reaction which had 
previously been postulated by several workers; 

Pb+^ + (NH2)2 CS + 20H’ « PbS^ + HgNCN + 2!l^0, 

It was found that the reaction was initially slow, increased to a 
relatively constant rate, and then tapered off. It is believed that the 
induction period (i.e., the slow initial rate) was indicative of auto¬ 
catalysis by the PbS formed during the reaction. The induction period 
could be completely removed by the addition of powdered PbS, and the 
initial reaction rate weis approximately proportional to the amount of 
PbS added. Attempts were made to determine the reaction orders with 
respect to the biplumbite ion (the predominate lead-bearing ion), the 
hydroxide ion, and thiourea. They varied with time, indicating the complex 
nature of the reaction. The reaction rate was increased by the addition of 
small amovints of dust or powdered PbS; it was decreased by stirring (this 
hastened the coagulation of the autocatalyst, FbS), by the addition of 
small amounts of polyvinyl alcohol or cupric salts, and by using solutions 
of sodium hydroxide that had been aged in glass containers. Experimental 
evidence was obtained to demonstrate that the reaction did not Involve the 
formation of sulfide ions by the alkaline hydrolysis of thiovirea, followed 
by the precipitation of lead sulfide. It is believed that one of the steps 
of the reaction is the formation of a lead-hydroxide-thiourea complex, 
which subsequently decomposes to lead sulfide. 


FIIM STUDIES 

As part of the Laboratory's continuing investigation of the mechanism 
of photoconductivity, a series of measurements on seven Eastman Kodak, 
lead sulfide, chemically deposited films have been used as the principal 
tools for this study. On the basis of these measurements, several 
Interesting phenomena have been observed. First, the lifetime in these 
films appears to be controlled by the Fermi level. The apparent density 
of empty traps is the same in all films. In order to accoxmt for the 
dependence of the lifetime on temperature, one must use cross-sections 
which vary e;q)onentially with reciprocal teiiq)erature. The mobility in 
all these films is remarkably similar and independent of light bias. 

An automatic field effect apparatus has been developed to speed up 
measurements. A program of study of lead selenide films has also been 
undertaken. Evaporated film studies will also begin shortly in an 
attempt to identify the precise impxirities responsible for the field 
effect and photoconductivity. 
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LEAD TELLURIDE CRYSTAL PREPARATION 

A technique for pulling FbTe crystals has been developed and it has 
been described in earlier reports. During the past year the effort in 
this program has been directed toward growing oriented single 'crystals 
and n-type single crystals. There are two reasons for growing oriented 
single crystals (l) to study the effect of orientation on the growth 
process and (2) to produce oriented single crystals for specific experiments 
The PbTe phase diagram is such that crystals grown from melts prepared 
from stoichiometric proportions of Pb and Te are always Te rich and there¬ 
fore p-type. For this reason the crystals prepared in the initial phases 
of this program were all p-type. A number of experiments have been carried 
out on these p-type crystals. It would be desirable to carry out these 
and other experiments on n-type crystals produced by the same technique. 

*Since the technique of pulling crystals from the melt always makes 
use of a seed, only minor modifications of the technique are necessary 
in order to grow oriented crystals. The seed holder has been redesigned 
to hold oriented single crystals which have been cut and gro\ind to shape 
from pulled crystals. Equipment has been piirchased and installed which 
will greatly facilitate the cutting out of oriented seed crystals. The 
only other problem is the starting of crystal growth such that the new 
crystal takes on the orientation of the seed. This is accomplished by 
initially melting away the worked surfaces of the seed, then proceeding 
with the growth in the normal manner. These alterations in the growth 
technique and the installation of a better temperature controller have not 
only produced large oriented single crystals, but have resulted in an 
increase in the overall reliability of the process. At present only 
growth in the<100>direction has been attempted giving crystals like the 
one shown in Fig. 2. Other high symmetry directions will be attempted in 
the near future. Preliminary experiments indicate that these oriented 
crystals will make possible very accurate measurements of the elastic 
constants and of the internal friction in FbTe. 

From a practical point of view, the attempt to produce n-type single 
crystals has not yet succeeded. The first method tried consisted of 
growing or attempting to grow crystals from melts containing various 
amounts of excess Fb in order to produce crystals which contained excess 
Pb and would therefore be n-type. Altho^lgh these experiments failed to 
produce good n-type crystals, they did give information about the phase 
diagram of PbTe near its maximum melting point. For exaa^le, they 
indicated that solid FbTe with stoichianetric proportions is in equilibrium 
with a melt which contains more than 6 Pb atoms for each 5 Te atoms. 

With the present technique of crystal growth, inclusion of a second phase 
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Fig. 2. Photograph of single crystal of lead telluride 
grown from the melt. The crystal has <00l> 
orientation, as can be seen from the 9CP angle 
between the faces. Magnification 3 X. 
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ccaasisting of almost piire Pb occurs with melt compositions less Pb rich 
than those necessary to produce a stoichiometric crystal. These results 
are consistent with the PbTe phase diagram which has been determined at 
this Laboratory. Preliminary doping experiments with Bi and I indicate 
that these two In^urlties behave in a similar manner; that is large 
amounts of Impurities must be added to the melt in order to Incorporate 
small amounts into the crystal. 


AN ASPECT OF THE PHASE DIAGRAM OF LEAD TELLDRIDE 

The conpound semiconductor lead telluride is stable over a narrow 
range of cooposltlon. The deviations from stoichiometry act like 
impurities in elemental semiconductors. At present deviation from 
stoichiometry is important in determining the carrier concentration in 
undoped lead telluride. Gibbs' phase rvUe implies that when one fixes 
the temperature of the crystal all the intensive v«uriables of the three- 
phase (liquid, solid and vapor), two-component system are fixed. Previous 
work at this Laboratory has determined the temperatvire-composltlon pro¬ 
jection of the three-phase line. This project is concerned with a 
determination of the temperature-pressure projection of the three-pheise 
line. The results of these two experiments will completely determine the 
three-phase line. This will lead to a more complete understanding of the 
properties of the compoxind, and will allow crystals to be prepared with 
more accxirately controlled characteristics. 

The pressure-temperature projection is determined in the following 
manner: A crystal is placed in one end of a silica tube and pure 
tellurium is placed in the other. The system is then evacuated and sealed 
off. The tube is placed in a furnace which is so constructed as to allow 
separate control of the temperature of the telluritmn, which determines the 
tellurium vapor pressxire in the furnace, and of the crystal temperature. ^ 
(see Fig. 3) One then fixes the teii 5 >erature of the tellurium and varies 
the crystal temperat\ire, or vice versa, until the crystal Just begins to 
melt. The vapor pressure of the tellurium and the temperature of the 
crystal at which melting Just occurs determine one point on the tenperattire- 
pressure projection of the three phase line. 


HIECIPITATION OF Pb and Te in PbTe CRYSTALS 

The rate of precipitation of Te in PbTe single crystals has been 
studied at temperatures in the range from l8o“C to UCO^C. In p-type 
crystals the thermoelectric power was used to monitor the changes^ since at 
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DISTANCE ALONG FURNACE 


Fig. 3. Schematic representation of temperatxrre along 
the furnace used in the study of the three 
phase line. 
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the temperatures involved,the thermoelectric power is a very sensitive 
indicator of the composition change resulting from internal precipitation. 

In n-type crystals all the electrical properties are in the intrinsic 
range at the annealing temperatures of interest so that samples had to he 
cooled to room temperature periodically to eval\iate the composition changes 
which had taken place. The results of these studies on precipitation 
phenomena in PbTe provide experimental data to be con 5 >ared with existing 
theories of precipitation in solids. The experimental data of composition 
versus a reduced time parameter shown in Fig. 4 is in good agreement with 
the rate given by a stress assisted precipitation theory of Ham, where 
precipitation takes place on dislocations. The radius of the precipitation 
centers calculated from the experimental data is in reasonable agreement 
with the one given by the theory. 

The second purpose of these studies was to provide a simple method 
for obtaining crystals of n and p-type PbTe having specific values of 
carrier concentration approaching the stoichiometric composition. 

* 

The curve of Fig. 5 shows carrier concentration as a function of 
annealing temperature obtained from these studies. The equilibria time 
for the various temperatures is given in Fig. 6 for crystals having about 
105 dislocations/cm^. Rates would be less for a higher dislocation con¬ 
centration. 

Data on precipitation rates in n-type crystals have not been as 
complete yet, but the data show the same general behavior observed in 
p-type crystals. The rate of reaching equilibrium is slower in n-type 
crystals than in p-type crystals corresponding to a slower diffusion 
rate for Pb than for Te in PbTe crystals. This supports the vacancy model 
for n-type PbTe over the interstitial model. While equilibrium has not 
been reached as yet in current studies on n-type PbTe at 24o“C, carrier 
concentrations have been reduced from about an initial value of 1 x 10 ^ 
to 9 X 10l6/cm3. Further studies will be made in order to find the 
equilibriimi value at this temperature and compare the rate with the theory. 
PbTe crystals having carrier concentrations considerably less than 
9 X 10 ^^/cm^ will be obtained from these experiments. 


THERMOELECTRIC POWER IN p-TYPE PbTe CRYSTALS 

There is considerable effort reported in the literature on thermo¬ 
electric power in high carrier concentration PbTe. However, there is 
little on low carrier density material. Since the precipitation technique 
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produces crystals having a range of carrier concentration down to near 
intrinsic values it is appropriate to study the thermoelectric properties 
of such crystals. 

Thermoelectric data were taken in the temperature range from liquid 
nitrogen to hOO"C or less depending upon the crystals. The results are 
shown in Fig. 7* Data on the rocm teir^jerature values of carrier 
concentration, resistivity and mobility are shown in Table I. 


TABLE I 


p-TYPE PbTe CRYSTALS 


p (cm“3) 

(ohm-cm) 

jLi (cm^/volt sec) 

3.1 X 10^ 

.0023 

870 

1.0 X 10^ 

.0091 

680 

4.8 X 10^*^ 

.0189 

690 

3.3 X lO^'i' 

.026 

730 

1.9 X lO^T 

.041 

790 

1.5 X I0I7 

.058 

715 4 


PHONON DRAG EFFECTS IN PbTe 

Phonon drag effects in semiconductors appear as an additional contri¬ 
bution to the thermal emf, generally at low temperatures where phonon and 
electron wavelengths become comparable in length. By reducing the 
carrier concentration sufficiently in PbTe crystals through the precipi¬ 
tation process it has been possible to observe the effects of phonon drag 
at temperatures at and below liquid nitrogen temperature. The ctirve of 
thermoelectric effect in Fig. 8 shows the increased thermal emf at 
temperatures below -195‘’C which is characteristic of phonon drag. 
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COMPOSITION STABILirr LIMITS OF PbTe 


Previously we have described experiments in which single crystal 
PbTe was made as Pb-rich or Te-rrich as possible at a given temperature. 

It was then quenched and its room temperature carrier concentration was 
determined. The resulting curves of carrier concentration versus anneal 
ten^jerature are of great importance both frcm a practical and fundamental 
point of view. The relatively large scatter of the data from Pb-rich, 
n-type, PbTe indicates that possibly foreign impurities and/or quenching 
effects were significant. As a result the experiments axe being repeated 
tising purer PbTe crystals (pulled from the melt), fused silica,carbon- 
coated fused silica, and spectroscopically pure graphite crucibles, and a 
variety of quenching rates. 


Thus far, it has been found that for Pb-rich PbTe (l) the scatter of 
data is considerably reduced. ( 2 ) the crystals are less n-type than found 
previously, having 3i5 x lO'*'' carriers per cm+3 after annealing at 600“C, 
instead of 1.5 x 10 ^° cm“^, and ( 3 ) the crystals are relatively stable at 
room temperature in contrast to previous results. Preliminary indications 
are that oxir earlier results were significantly affected by the presence 
of bismuth at a concentration of about 10^ atoms/cm^. Further investi¬ 
gation of inq>urity effects on the properties of the lead salt semi¬ 
conductors is under way. 


THEORY OF STABILITY LIMITS OF SEMICONDUCTOR CmPOUNDS 

The theory of the defect solid state has been useful in relating 
the chemical coD^osltlcxi and electrical properties of semiconductor 
compounds. Althoxigh it is recognized that every crystalline compovind is 
stable over sane range of composition, the question as to the magnitude 
of this range has not previously been answered. Such a range of 
stability in general inqxlies a corresponding range in electronic carrier 
concentrations and since it is difficult experimentally to distinguish 
between the existence of a small range of compositions and the presence 
of foreign Impxarities, theoretical guides axe useful. Therefore, the 
problem has been approached using the general features of the accepted 
model of non-metallic crystals. In particular, the statistical mechanical 
analysis of this model serves to furnish expressions for the chemical 
potentials of the crystal conq)onents which are the heart of the solution. 

Two types of atcmlc point defects (vacancies or interstitials) are 
assumed to be predominant in the crystal and furnish a mechanism by which 
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the crystal can exist over a range of composition. The atomic point 
defects are randomly distributed in the crystal and their creation 
requires a constant expenditure of energy so long as their concentrations 
are small. Clustering is neglected. A single donor level is assianed to 
be associated with each defect of one type, and a single acceptor level 
with each defect of the other type. For non-degenerate semiconductors of 
this type an analytical solution can be obtained for the limits of 
stability of the compound for cases in which the phases coexisting with 
the compound at its limits of stability are the pure elements. It is 
found that the limits of stability at any temperature are further apart 
(1) the more negative the free energy of formation of the semiconductor 
compound and ( 2 ) the smaller the ratio of the square of the intrinsic 
carrier concentration to the product of the concentrations of the two 
types of atomic point defects in the ionized state. On the other hand, 
the limits of stability are shifted to metal-rich, n-type compositions 
(1) the larger the difference in the free energies per mole of the pure 
elements (both measured relative to infinitely dispersed atoms in their 
lowest quantiam states) and ( 2 ) the more negative the difference between 
the energy required to create the atomic point defect associated with the 
donor level (that predominates in metal-rich material) and the energy 
required to create the atomic point defect associated with the acceptor 
level. 


SURFACE TRANSPORT 

The major new experimental and theoretical work at NOL in the field 
of surface transport has been the study of the surface-dependence of the 
thermoelectric power. The experimental results indicate that in thin 
high resistivity germanivun samples, the total thermoelectric power of the 
specimen is a sensitive function of the excess surface charge in the space 
charge region. The theory for this process has been developed, and 
detailed computations are in progress. 

The overall agreement between theory and experiment is remarkable, 
as can be seen in Fig. 9 * However, the theory does not distinguish between 
diffuse or specular surface scattering of the excess carriers. Two 
promising areas of study here are the effect of s\irface scattering of 
phonons on phonon drag in the space charge region and the effect of high 
svirface fields on the effective mass of the excess carriers. Both of 
these studies will entail measurements at lower temperatures. Since 
partially specular scattering has been observed by others at these lower 
temperatures this is a region of great interest. 
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RECOMBINATION LIFETIME 

In any semiconductor device the average time taken for an electron to 
combine with a hole is one of the critical parameters. We are investigating 
physical mechanisms governing this lifetime in the intermetallic semi¬ 
conductor indium antimonide by meastiring the lifetime at low traaperatures 
in InSb prepared under different conditions and with varying carrier 
concentrations. Because of the very shdrt lifetimes in indium antimonide, 
they are best deduced from measiorements of the photoconductivity and the 
photoelectromagnetic effect. Photoconductivity measurements determine 
the change in conductivity of a sample produced by photoexcited electrons 
and holes. In the photoelectromagnetic experiment these electrons and 
holes diffuse away from the surface in a magnetic field. The paths of 
the carriers are bent by the field, producing a voltage across the san5>le 
which is measured as in a Hall effect experiment. 

The Toniformity of samples has been checked by illuminating small 
areas of the sanple and measuring the photoconductivity of these Eureas. 

The results of these measxirements indicate that our best samples are 
uniform to 10^. Surface recanbination has proven a more difficult problem. 
To measure the effect of sTnrface reccxnbination, the samples were illvnninated 
with light of varying wavelength which penetrates the sample to varying 
depths, thus allowing the relative effects of surface and bulk recombina¬ 
tion to be measured. It is found that the sxirface is rather Important in 
controlling the magnitude of the photoeffects, and that it tends to 
fluctuate with time. Several surface treatments mentioned in the 
literatvire were tried in an attempt to find one that would reduce surface 
recombination to Insignificance. None of these gave results which were 
satisfactory. Use of a low pressure nitrogen discharge induced by a 
Tesla coll heis helped to reduce the surface recombination. Measurements 
of lifetime on various saaqples of InSb are now underway. 


MAGNETCM4ETERS 

There is considerable current interest in the development of a high 
accuracy sensitive magnetometer for antisubmarine warfare purposes. 
Recently several new kinds of qviantum mechanical magnetometers have been 
developed that seem to be quite promising. To a large extent their 
properties and limitations have not yet been fully established. 

We have undertaken an examination of the spectra of various atomic 
gases to determine whether substances other than those already used 
mi^t provide possibilities for improved magnetometers. To be useful 
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the substance mxist have a long lived state which exhibits Zeeman splitting 
and a suitably spaced non-branching pump state of proper angular momentum. 


NEW FLUX-GATE MAGNETOMETERS FOR USE WITH 
SINGLE STRIP PERMEAMETERS 

Two new sensitive fl\ix-gate magnetometers of the second harmonic type 
have been developed for use as H-measuring systems of a d-c single-strip 
permeameter. Both are employed with a simple bridge circuit which 
eliminates the necessity of ccxaplex filters and selective amplifiers and 
allows operation over a wide range of frequencies independeht of sotirce 
frequency stability. The first magnetometer is an ppen-magnetic-circuit 
type of two Supermalloy cores. The second magnetometer is a closed- 
magnetic-circuit type which does not influence the field being measured. 

The magnetometers were designed to measure fields from 1 milli-oersted 
to about 10 oersteds, although these are not physical limits of sensitivity 


MAGNETIC MOMENT MEASUREMENT 

The measurement of magnetic moments of materials containing transition 
metal atoms gives information on the number of electron spins per atom or 
molecule as well as a measure of the internal fields in the sample. For 
materials that are ferro- or ferrimagnetic the magnetic moment becomes 
satixrated and as the magnitude of the magnetic field is increased a few 
thoxisand gauss no Increase in magnetic moment is observed. In materials 
that are paramagnetic or antiferromagnetic, and in ferro- or ferrimagnetic 
substances above their Curie points, the magnetic moment is more or less 
proportional to the magnetic field and this proportionality constant is 
called the susceptibility. In some cases the susceptibility is slightly 
field dependent such as in antiferromagnetics and in materials cont ain ing 
ferromagnetic inqpurities. From susceptibility measurements we can study 
antiferromagnetic Interactions and obtain additional information on the 
effective magnetic moment of each atom as well as a measure of the 
exchange fields between atoms. Studies have been made on a chromium metal 
single crystal which is antiferroauagnetic and on the effect of lithium 
substitution in manganese ferrite, a ferrimagnetic material. 

The magnetic susceptibility of a chromium single cp^stal was found 
to be almost constant at approximately 3*25 ± *05 x 10 “° emu/gm over the 
tenq>erature range 673 "K to 77 ’K. The sample was in the shape of a 
cylinder (weight .3058 gms); measurements have been made along both a 
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C100 J and Cin]] direction, but no anisotropy effects were observed. At 
4.2“K the susceptibility increased to 4.00 x 10 “^ for the ClllJ direction 
and 3*90 x 10"® in the tlOOj direction. This crystal was part of the ^ 

same specimen used by Cotliss, Hastings and Weiss in their neutron 
diffraction investigation in which they observed a Neel or Curie tempera¬ 
ture of 308“K. From neutron diffraction measurements another magnetic 
anomaly has been reported at 158“K by Bykov and co-workers in the U.S.S.R. 
and also by Hastings at the Brookhaven National Laboratory. The measure¬ 
ments reported here indicate that corresponding changes in the suscepti¬ 
bility are less than 0.5 x 10"° emu/gm. The data are illustrated in 
Pig. 10. 

When lithium, which is monovalent, is substituted in a ferrite, 
there is a rearrangement of valances. For manganese ferrite we obtain 
Mnji^gx Lix Mn^^e 2 '*“^l(."". Thus, for each lithitm atom added one 
manganese atom goes from divalent to trivalent. Samples were prepared 
with X = 0.1, 0.2, 0.3# 0.4 and 0.5* Fig. 11 is preliminary data, 
because we do not know the quality of the samples. An interesting point 
is the rise in Curie temperature as lithim is added; it is very rare to 
find a non-magnetic atom substitution which raises the Curie temperature. 

The magnetic moment per molecule drops with lithium content at a 
rate suggesting that the lithium is going to the B sites. For compositions 
X ss 0 . 3 # 0.4 and 0.5 the moment is somewhat lower than can be accounted for ^ 

on this scheme without a more drastic rearrangement of the ions. 


RARE EARTH MAGNETIC ALLOYS 

The work on rsire earth alloys has centered mainly about the compounds 
GdX^ where X is Fe, Co, Mn and Cu or combination of two of these. From 
the work on substitutions in these compounds it has been possible to show 
that the moments of the Co atoms in the compound GdCo^ are antiparallel 
to those of the Gd atoms while the moments in the compound GdFe^ are 
arranged Gdf* 2 Fe'f 3 • From this result it was apparent that the 

saturation magnetization of the GdFe^ conpoTind could be increased by 
substituting a light atom or an atom having a smaller moment for an iron 
atom having an anti-parallel orientation (B site). This was accomplished 
by substituting a Co atom for an iron atom but when two Co atoms were 
substituted the second atcm replaced one of the Fe atoms having a parallel 
orientation (A site) and the moment was again reduced. An attempt was 
made to substitute a boron atom for an Fe atom in a "B" site but the boron 
atom substituted into an "A" site with a resulting decrease in the moment 
of 2,22 jiiQ. When a Mn atom was substituted for an Fe atom the Mn atom 
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• THEORY_/Utg 
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LITHIUM SUBSTITUTION X 


Fig. 11. Magnetic moment estimated at 0°K and Curie temperature 
for Mni_xLixFe 204 . The theoretical curve is calculated 
on the basis that all the lithium goes into the B 
s 
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substituted into a "B” site with an apparent moment of 5 Mb which reduced 
the moment of the compoimd by -2,8 


CATION ORDERING IN MnxFe3_x0i^ 

It has been reported that there is a pronovmced minimvim in the first 
anisotropy constant of the spinel MnxFe3.x®4 ®’‘*' x >= o.T« Reasonable 

assignment of cations to A and B sites suggests that near this composition, 
about half the A sites are populated with Mn^+ ions, and that A site 
ordering may accompany this minimum. This conjecture has been tentatively 
confirmed by neutron diffraction, as discussed elsewhere in this report. 

It is of interest to consider the possible arrangements of sub¬ 
lattice spin directions in the spinel as a function of composition. We 
have generalized the Yafet-Kittel model slightly to allow for umbrella 
arranganents, Such a model is capable of yielding the observed moment 
dependence. An investigation of the validity of this picture is in 
progress, 


IMPROVED SONAR TRANSDUCER MATERIALS 

At the request of BuShips and Naval Electronics Laboratory, San Diego, 
California, NOL has developed a magnetic core material with an overall 
improvement of 29 ^ magnetic characteristics for a high power, broad band, 
variable reluctance sonic transducer. The core material should have a 
high flux density at low bias magnetizing forces with a high incremental 
permeability and a low incremental core loss. At present the theoretical 
efficiency of the variable reluctance transducer is about 80?t, Since the 
size of the power plant for the range and frequencies involved is quite 
large, any Increase in the efficiency of the transducer would permit a 
more compact design or increase its output, ' 

The iii 5 >rovement was accon^jlished by developing a technique to cut a 
strain sensitive, domain-oriented 49 Co, 49 Fe, 2V magnetic core material 
known as Supermendur, Up to this time it had been considered impossible 
to retain the excellent toroidal magnetic characteristics after bonding 
and cutting by usual commercial techniques. The method developed at NOL 
consists of rigid encapsulation of the Supermendur core in eai aluminum 
box and cutting it by electrolytic erosion. The resulting degraded cut 
surfaces were then carefully lapped lantil no further in^rovement of its 
magnetic characteristics occur. The magnetic evaluation of this cut 
core showed a hyft greater residual induction and a 15 ^ greater maximum 
induction than the presently used silicon-iron core material. The 
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results are now being evaluated by NEL for possible adoption of the 
improved core material in the variable reluctance transducer design. 


SOFT MAGNETIC ENVIRONMENTAL ALLOYS 

The rapid advancements in military ^d space technology have placed 
increased environmental demands on magnetic and electronic control devices 
and components. These demands have necessitated evaluation of existing 
magnetic alloys and development of new and improved systems that would be 
resistant to adverse environmental effects caused by elevated temperatures, 
nuclear radiation, shock, vibration and acceleration. 

The relative stability of the iron-silicon alloys (from 0 to 6.3$ 
silicon) in ambient temperatvires up to 500*C was thoroughly studied. It 
was found that the isotropic alloys showed more stability than the high 
purity, specially oriented alloys. These alloys were also quite stable 
in nuclear radiation environments having a total integrated neutron flux 
of approximately 2 x 10^® nvt. 

The iron-silicon alloys were also found to be quite responsive to 
magnetic annealing cycles, particularly those alloys containing from k$ to 
6 . 3 $ silicon (by weight). An increase in maximum permeability values from 
17,000 to 70,000 has resulted from exposure of a 3 $ silicon-iron alloy to 
a magnetic annealing cycle. NavWeps Report 733I summarizes the intrinsic 
advantages of the iron-silicon system over other existing soft magnetic 
alloy systems for these various environments previously stated. 

Investigation of magnetic alloys in the iron-aluminxjm system was 
started during the past year. Alloys containing aluminum weight percentages 
from 0 to 10^ are being studied since the 10^ - l6^ area has been thoroughly 
covered in previous reports. 

The major advantage of the iron-alxmiinvm system over the iron-silicon 
system has been that of in 5 )roved ductility. Alloys containing up to 3$ 
aluminum have been reduced to thin tapes having as much as 99 . 3 $ cold 
reduction without causing tindue strain on processing equipment. There 
have been no magnetic advantages observed for the iron-alvuninum system over 
the iron-silicon system thus far; however, this investigation is still in 
progress. 
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RADIATION DAMAGE THRESHOLDS FOR PERMANENT MAGNETS 

Alnicos, Or Steel, and Cunico irradiated to 5 x 10^*^ epicadmi\jm 
neutrons/cm^ at 55*’C showed only slight changes in magnetic open circuit 
induction. Barium ferrites, Co Steel, Eind Silmanal showed major changes, 
while the change in Cunife was intermediate. These results aure due to 
irradiation alone, since 55“C is sufficiently close to room temperature so 
that temperature effects are absent. It is to be noted that of the two 
most commonly used magnetic materials, the Alnico family is very resistant 
to neutron irradiation, while the barium ferrite family is least resistant. 

Previous NOL work showed that all important permanent magnet materials 
can withstand 10^*^ epicad n/cm^ at 90*C without significant change in 
magnetic properties. Hence the radiation damage threshold (10^ change in 
magnetic properties) lies above 10^"^ for all permanent magnets and above 
10^0 for Alnico II, V, XII, 3-1/2 Cr Steel and Cunico I at normal 
temperatures. 


TABLE II 

RADIATION EFFECTS ON PERMANENT MAGNETS 
5 X 10^® epicad n/cm^ at 55*C 


Material 

^ Change in Open Circuit Induction 

Alnico II 

-2.5 


Alnico V 

-2.5 


Alnico XII 

-6.5 

Small Changes 

3-1/2 Cr Steel 

+2.5 


Cunico I 

-7.5 


Cunife I 

+13. 

Intermediate 

36 Co Steel 

-37. 


Silmanal 

-46.5 


Barium Ferrite I 

-50.5 

Major Changes 

Barium Ferrite V 

-63 



In a combined radiation - high temperature environment of 5 x 10^® epicad 
n/cm^ at temperatures up to 325*0, the Alnicos changed less than and 
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Cxmico I aroxind 10^. All others changed in excess of 20^, decreases in 
open circuit induction ranging from 23 to 97?t* 

The above results are the first data reported on magnetic changes in 
permanent magnets produced by neutron irradiation. They have immediate 
application in the design of electrcsneigietic flowmeters for AEG and 
military reactor development. 


MACJNETIC ANISOTROPY 

In addition to the isotropic exchange energy, due to the interaction 
between the spins of a magnetic system, there is a magnetic free energy 
term which depends upon the orientation of the spins with respect to the 
crystal axes. One must do work with an external magnetic field to rotate 
the magnetization from an easy to a hard direction. This work is the 
anisotropy energy. 

This anisotropy energy in turn reacts back upon the magnetization. 
When the anisotropy energy is small compscred to the exchange, perturbation 
methods are applicable. We have derived perturbation expansions which 
show that in this case the magnitude of the magnetization depends upon its 
direction; the magnetization is larger in easy directions than in hard 
ones at any particular temperat\ire. However, perturbation methods lead 
to a Curie temperature which is independent of direction. 

In materials of low exchange energy and large anisotropy different 
methods of analysis must be employed. We have analyzed the problem of a 
spin one internal field Hamiltonian with a one-ion uniaxial anisotropy 
term. In this case it results that, in addition to the previous effect, 
the Curie temperature also depends upon the direction of the magnetization. 
Fig. 12 shows the dependence of the Curie teii 5 >erature, which is pro¬ 
portional to l/iZ'c (kTc/exchange energy), on the direction of the 
magnetization, e is the angle between the magnetization and the crystal 
_e axis. This is depicted for a number of values of the parameter A, which 
is the ratio of the O^K anisotrqpy energy to the exchange energy. 


LONGITUDINAL FERRIMAGNETIC RESONANCE 

In previous work, the magnetic resonance properties of three-sub- 
lattice ferrimagnetic systems were calculated and it was shown that a new 
effect should exist for systems with triangtilar configurations. For the 
usual arrangement of external magnetic fields in which the constant field 
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Fig, 12, The dependence of the C\irie temperature on the direction of the 
magnetization for various values of the parameter A . 
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is parallel to the net magnetization and a small oscillating field is 
perpendicular to this direction, this effect consists in the production of 
an oscillating magnetization component which is parallel to the net 
magnetization (and hence perpendicular to the oscillating field). This 
magnetization component has the same frequency as the applied field and 
does not eirise frcan the non-linear terms in the equations of motion. The 
origin of this effect can be qualitatively understood by referring to 
Fig. 13 . The general effect of the oscillating field is to set the sub¬ 
lattice magnetizations into precession about their static orientations. 

As shown, the precession of sublattices 2 and 3 will give rise to this 
new oscillating component along the direction of the net magnetization 
in eiddition to the transverse x eind y components. 

If one studies this figure further, we see that the situation 
depicted then suggests the possibility of two more new effects associated 
with triangular configurations if the oscillating field is now applied 
parallel to the ccxmnon direction of the constant field and the net 
msignetization rather than perpendicular to it. The first of these effects 
consists in the production of an oscillating component in the transverse 
x-y plane by the extreme field which is in the z-direction of the net 
magnetization. The second effect involves the simultaneous occxxrrence of 
an oscillating magnetization component parallel to the oscillating field. 
The relevant susceptibility components were calculated for this case to 
see if these effects, which were suggested by the above qualitative 
arguments, were actually qiiantitative consequences of the equations of 
motion. It was found, in fact, that these effects should exist in prin¬ 
ciple, and they now await experimental confirmation. 


TABLES OF PROPERTIES OF FERRITES 

Meignetic ferrites have been worked with for sane thirty years. Dxxring 
the last decade many studies have been published as represented by a 
thousand or more scientific papers. Beca\ise the scattered location and 
variable qiiality of these papers make it difficult to locate the most 
reliable data, the Physical Properties of Materials Division has maintained 
on a limited basis a file of various magnetic properties. 

We have been invited to contribute similar information, but in a more 
detailed and expanded form, to the Landolt-Bomstein Tables . The Landolt- 
Bomsteln volumes are a valuable and authoritative source concerning the 
physical properties of materials. A volume on meignetic substances is now 
in preparation. Our contribution as submitted is about 100 pages devoted 
to nickel ferrite and its substitutional derivatives, ferrous ferrite. 
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Fig. 13. Origin of the oscillating magnetization component 
which is transverse to the exciting field. 
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and various chromites. It represents, however, only a small part of the 
volume, which when published, should he a valuable reference work for all 
investigation in the field of magnetism. 


MICROWAVE AMPLIFIERS 

Under a microwave amplifier project supported by the BtiWeps, advances 
have been made in both the theory of microwave aniplification and in the 
testing of materials and components. The materials and components portion 
of the project is reported here. 

Initial exploratory experiments ranged from optical resonance effects 
coupling effects within the skin depth of ferrcxnagnetic metals, to phases 
discrimination effects. The latter yielded a down converter to 30 Mc/sec 
with gain and a phase discriminatory structure employing 10 Kinc/sec pump 
or power frequency and 5 Kmc/sec signal frequency which had modest gain 
More conventional cavity structures with semiconductor diodes as the 
active elements were constructed. These rectangular and cylindrical 
cavities were operated in the degenerate mode with both Microwave 
Associates* Pill Varactor diodes and Texas Instruments* GaAs diodes. 
Negative results were obtained due to a combination of things such as 
improper inq)edance matching and load termination. To investigate the non¬ 
degenerate cavity diode amplifier, a structure employing two covq>led 
rectangular cavities was constructed and tested; then two coaxial 
amplifiers modeled after the Harris amplifier were constructed and tested. 
Fig. l4(a) shows these three amplifiers. The larger coaxial cavity 
amplifier was designed for 870 mc/sec signal frequency using approximately 
10 kilomegacycles/sec pump frequency. It was operated as an upper-sideband 
upconverter, a lower-sideband upconverter and a negative resistance 
amplifier. The smaller coaxial cavity amplifier was designed for signals 
in the C band range (3*95 - 5«85 kilomegacycles/sec) and employed 
approximately 10 kilomegacycles/sec pump frequency. Fig. 14(b) shows this 
amplifier with tuners attached and the parts identified. Both of these 
amplifiers employed Microwave Associates * MA 450H Veoractor Diodes. In 
midyear the decision was made to build a magnetic microwave amplifier 
using single-crystal Yttrium Iron Garnet. Sphere grinders were constzoicted 
and grinding and polishing techniques developed with the objective of 
producing a highly polished sphere of single crystal YIG having a resonance 
line width of approximately I /3 oersted. Imperfections in the surface of 
the sphere generate spin waves which broaden the intrinsic line width. 

A ferromagnetic resonance spectrometer was designed and assembled to 
monitor the line widths as the polishing proceeded. This instrument enplo^s 
a swept magnetic field and crystal detection, the resultant resonance curve 
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*^134.4 OERSTEDS*"* 

14. Microwave Amplifiers and Elemental Components 

(a) Cavity Type Microwave Amplifiers Using Semi¬ 
conductor Diodes 

(b) Cavity Type Amplifier with Stub Tuners 

(c) Ferromagnetic Resonance in YIG Sphere 

(d) YIG Sphere with Polished Surface 
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being displayed on an oscilloscope. The sample sphere is placed in a 
position of maximtun magnetic field, and minimum electric field in a 
rectangular waveguide cavity operating in the TE 103 l4(c) 

shows a resonance curve for a polished sphere at a frequency of 5.14 
kilomegacycles/sec. The large absorption is the principal precessional 
mode while the smaller absorptions are due to magnetostatic modes of 
higher wave number. Fig. 14(d) shows the polished surface presently being 
obtained on single crystal YIG spheres. The sphere diameter is 0.030 
inches. To date the minimum line widths obtained are approximately 4 
oersteds. Although highly polished over most of the area the samples 
exhibit what apparently is porosity in certain areas. 

An analysis of the dispersion spectrum of ferromagnetic permeability 
and its relation to coaxial line measurements has been made. The spectrum 
can be approximately represented in terms of/ao, the d.c. initial 
permeability, and b, the magnetic viscosity coefficient. Included ere 
the effects of magnetic viscosity on coaxial line measurements of the 
complex permeability spectrum. Inclusion of this effect enables one to 
calculate the error involved in using the standard conversion formulas 
between displacement minimum and standing wave ratio of coaxial line 
measurements and the real and imaginary parts of the complex permeability, 
respectively. Data have been obtained which indicate the existence of 
errors between the measured permeabilities given by the standard conversion 
formulas and the true complex permeability. 


SINGLE CRYSTAL NEUTRON DIFFRACTION STUDIES 

The single crystal studies of the past yesur have been concerned not 
so much with determination of maignetic structures as with measvirement of 
the form factor, or the variation of magnetic cross section with angle. 
This quantity is the Fourier transform of the scattering density, and so 
provides information about the d-electron charge distribution. Two cases 
of interest have been investigated, one of metallic binding (the alloy 
Fe^Al) and the other of ionic binding (NiO). The measurements on Fe^Al, 
which is ferranagnetic, were mside by using a polarized neutron beam. 

NiO, which is antiferromagnetic but does not have a unique spin axis, is 
Tinsuitable for this technique and a non-polarized neutron beam was used. 

In both these cases the form factors were measured out to high 
scattering angles (sin e/A<^0.8 - 0 . 9 ) and showed characteristics of an 
aspherical charge density. They have been analyzed by canparison with 
theoretical form factors calculated by Weiss and Freeman from free-atom 
Hartree-Fock wave functions, taking into account crystalline field effects. 
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As expected from cirystal field theory, the unpaired spin density of Ni^"^ 
was found to have eg symmetiy, with lobes pointing along cubic ClOOj 
directions. The Fe^Al required some admixtiare of t2g states, in which the 
spin density is peaked along the body diagonal. The departin-e from 
spherical symmetry is perhaps less understandable for the latter case, 
since crystalline field'effects in metals are expected to be small. The 
Fe 3 Al data have been \ised to obtain a two-dimensional projection of the 
unpaired spin density by Foinrier synthesis. 


POWDER NEUTRON DIFFRACTION STUDIES 

During the past year the neutron diffraction experiments carried out 
previously by ovir Laboratory personnel at the Naval Research Laboratory 
have been relocated and canbined with our effort at the Brookhaven 
National Laboratory. The kind of information that is best determined by 
these experiments, namely, spin alignment and cation positions, is 
Illustrated by the powder diffraction studies that have been made during 
this period. 

The problem involving cation positions was an Fe-rich manganese 
ferrite, in which a one-to-one ordering of the Mn and Fe on the tetrahedral 
spinel sites had been hypothesized; this ordering proved to be detectable 
becaxxse of the fact, peculiar to neutron diffraction, that these two cations 
have scattering aii 5 )litudes of opposite sign. A low temperature investi¬ 
gation of the spin alignment of two rhombohedral carbonates, MnC 03 and 
FeC 03 , was aimed at relating the symmetry of the antiferromagnetic 
structure to the weak ferromagnetism observed in the former co^Ipo^and. A 
slight canting of the spins, which had been proposed as the origin of 
this moment, is con 5 )atible with symmetry if the spins are perpendicular to 
the trigonal axis, and incompatible if they are parallel; the spin axes 
determined by neutron diffraction are as predicted if this mechanism is 
correct. 


INTERMETALLIC CCMPOUND MATERIALS FOR 
HIGH TEMPERATURE APPLICATIONS 

Intermetallic compounds, in general, are characterized by brittleness, 
hardness, abrasion resistance, high electrical resistance and ccxnplex 
atomic arrangements. Similar to ceramics and cermets, many intermetallic 
compounds have some advantageous mechanical and physical properties but 
suffer mainly from a lack of ductility at ambient temperatxires. Since 
many of the intermetallics have high melting temperatures, it was decided 
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to reexamine the potential of this class of materials for structural high 
temperature applications. Considerable effort was first devoted to the 
selection of a series of intermetallic compounds or compound-base alloys 
and then to study them in more detail for suitability in structural 
application. 

The initial detailed effort was concerned with the compounds of 
titanium and nickel frcm 33 to 75 w/o Ni, Included in this range are the 
three identifiable compounds Ti 2 Ni, TiNi, and TiNi^, Of the three, the 
equiatomlc compound TlNl appears most Interesting. This compound is 
unique in that it is not brittle at ambient temperatures. Table III 
shows some of the physical and mechanical properties obtained in this 
Laboratory on a stoichiometric TiNl alloy containing 55.1 w/o Ni, 

Coupled with the desirable ductility of TiNi is its ability to be deformed 
and fabricated both hot and at room temperature. 

Some prior investigators who studied the phase equilibria of the 
Ti-Ni alloy system found the low temperature stability (below about 
830°C) of the TiNi phase in doubt, claiming that it dissociated into the 
two adjacent compound phases of Ti 2 Ni and TiNi 3 . Many of these investi¬ 
gators employed X-ray diffractometer scans of stress-relieved TiNi filings 
as a medium for their phase equilibria studies. Present study yielded 
similar results when employing TiNi filings. X-ray diffractometer studies 
performed on annealed arc-cast alloys frm 50 to 60 w/o Ni revealed a 
different result. Those alloys below 52 w/o Ni decomposed into Ti 2 Ni and 
TiNio at lower temperatures. The Ni-Ti alloys containing more than 
52 w/o Ni exhibited a sizeable amount of TiNi phase at room temperature 
with small percentages of Ti^Ni and TiNi^ coexisting. As the Ni content 
increased beyond about 57 w/o Ni the amount of TiNi phase lessened and 
the TiNi^ phase increased gradually in accordance with a second version of 
the constitution diagram, A plot of the quantity of coexisting phases 
as a function of w/o Ni and its relationship to the two versions of the 
TiNi constitution diagram is given in Fig, 15. 

Hot hardness data on the three compounds Ti 2 Ni, TiNi, and TiNi^ 
are shoim graphically in Fig. 16, Two curves are given for TiNi since 
the compound is body centered cubic when randomly oriented and a CsCl type 
structure when ordered. The major difference in the two TiNi curves 
shown in Fig, 16 is the ^secondary hardening" peak exhibited by the 
disordered material. This phenomenon could be related to lattice imper¬ 
fections and their distribution induced by rapid cooling or it may be a 
result of minor quantities of a second phase, i.e,, Ti^Ni or TiNio present 
with the TiNi phase. The production of a phase-pure TiNi material and 
the determination of its hot hardness properties should yield a better 
understanding of the mechanism. 
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TABLE III 


SOME EROPEETIES OF THE TIN! PHASE (55.1 w/o Ni-Ti) 


PHYSICAL 

Density (25“c), gr/cm^ 

Melting Point, “c 
Melting Point, *F 
Crystal Structure ^ 

Lattice Parameter, A 

Electrical Resistivity (25“c), microhm-cm 
Electrical Resistivity (9(X)*C), microhm-cm 
Linear Coef. of Expansion (24 - 900‘*C), per “C 
Recrystallization Temperattire, “C 

MECHANICAL 


125,000 

81,400 

11.2 X 10^ 

8.1 


216,000 

11.3 3C 10^ 

24 

29 - 34 


Tensile 

Ultimate Tensile Strength, psi 
Yield Strength, psi 
Young's Modulus, psi 
Tensile Elongation, ^ 

Transverse-Bend 

Modulxis of Ruptvire, psi 
Modulus of Elasticity, psi 

Impact Strength (0.297 in^ har), ft-lhs 
Hardness, Rc 


6.45 

1240 - 1310 
2264 - 2390 

CsCl (B.C.C.) 

3.015 

-•80 

-132 

10.4 X 10"° 
550 - 650 
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Fig, 15, Room Temperature Phase Relationship of Nickel- 
Titanium Alloys from 50 to 60 w/o Ni 
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REFERENCE RADIOGRAPHS OF THIN WALL STEEL CASTINGS 
FOR AEROSPACE. APPLICATIONS 

Steel castings are finding increased application in aerospace 
structural and propulsion cootponents. However, before a full utilization 
of steel castings can be effected, the dispeurity in concepts of the foundry, 
the aerospace indxistries and the military as to what constitutes a sound 
casting must be reconciled. This will be accomplished by preparing com¬ 
prehensive and realistic standards and specifications for the qviality 
desired. A step in this direction has been taken through the preparation 
at the Naval Ordnance Laboratory of a set of thin wall steel casting 
reference radiographs to be used as a base for standards. The proposed 
document will Illustrate the conmon steel casting discontinuities in 
several degrees of intensity. It will also contain illustrations of 
discrete and propagating discontinuities and a Glossary of Defects. Pig. 

17 shows examples of discontinuities which will be illustrated. The 
illustrations will be designed for those castings 0.7^ inch thick or less 
requiring high strength, good surface finish and close dimensional 
tolerances. Castings meeting these reqvdrmnents are made by the shell mold, 
ceramicfiist, lost wax or frozen mercury process. They are frequently made 
from the following cooq)ositions: 4130, 3OO and 400 series stainless and 
the siQ)er-alloys,* 

The assistance of the aircraft industry was sought in determining 
necessary document contents and in supplying illustrative material, both 
castings and radiographs. When it was found that the supply of illustrative 
material obtainable frcan aircraft casting vendors lacked variety, resort 
to procurement of castings with specified defects was decided upon. 

* 4130 - A low alloy steel containing nominally l.OOjt chrcmlTam and 

.25^ molybdenum 

300 Stainless - The series of stainless steels with chromium contents 
of from 16 to 20^ and nickel from 7 to lO^t. These steels are austenite and 
not capable of hardening by heat treatment. 

400 Stainless - The series of stednless steels with chromium con¬ 
tents varying from 12 to l8^ 

Stper-Alloys - A term applied to alloys with the hipest available 
strength at elevated temperatures. They include alloys with high nickel, 
chromium and cobalt contents. Holybdenim, tvmgsten and columbium are other 
Important alloying elements. 
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BRANCHING SHRINKAGE 



SPONGE SHRINKAGE 




MOLD RIDGE 


SHRINKAGE CAVITY 


Fig, 17. Discontinuities in Steel Aircraft Castings, 
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Specifications for these castings were prepared and a contract was 
negotiated for their procurement. Liaison was established and technical 
assistance provided to guide the ccaatractor in supplying suitable material 
for classification at NOL. 

The cooperation of the American Society for Testing Materials (ASIM) 

W61S obtained for preparation of the prc^osed reference radiographs. To 
inclement this participation, duties were assigned to an ASiM task group. 
These duties included review of Illustrations prepared at NOL and assistance 
in compilation of the discontlntiity nonenclature. 

During i960 approximately 70 percent of the document Illustrations 
were provided. Table IV indicates the progress made in making the 
tentative graded defect selection. A rectangular chill technique and 
closely controlled poxiring rates will be relied iqoon to fill the gaps in 
required branching shrinkage and shrinkage cavity illustraticax. 

PROPEIRTIES OF WHISKERS 

Whiskers are filamentary growths of materials with large length-to- 
dlameter ratios. They atre not something new, however, for they have been 
of scientific Interest intermittently for the past 200 years. The most 
recent interest came in 1952, when Galt and Herring demonstrated that 
some whiskers had strengths (tensile and shear) approaching that calculated 
for perfect crystals. Since then whiskers of many organic and inorganic 
materials have been grown by various techniques. Their growth habits are 
of considerable interest and iiiq)ortance in the field of crystal growth. 

The mechanical properties of whiskers have received the most study, but 
some work has also been done on other physical properties such as 
electrical, magnetic, and surface properties; 

Beryllium oxide whiskers and platelets were grown by heating beryllium 
metal in hydrogen at 1500"C for 16 hotirs. A new type of whisker called a 
"flagpole" whisker and consisting of a BeO whisker topped by a ball of 
beryllium metal, was found. A growth mechanism, in which the metal from 
the ball reacts with the oxygen in the atmosphere, forms the whisker, 
and pushes the ball away from the substrate, has been proposed. However, 
tentative studies by means of X-ray microradiography (Fig. Ifl) and by 
direct microscopic examination of the balls* interior have so far not sub¬ 
stantiated the fact that those balls which are attached to whiskers are 
more porous than those which are not, as the growth mechanism suggests. 

X-ray diffraction and polarizing microscope studies gave the whisker 
axis as the crystallographic c-axis. Mechanical tests revealed that the 
whiskers could withstand strains in excess of 1?6. 
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TABLE IV 

GEADED DEFECT ILLUSTRATIONS AVAILABLE 31 DEC. I96O 


Defect 

Section 

Thickness 



Tentative Grade * 



1 

2 

3 

4 

5 

6 

7 

8 

Inclusions 

.12 



X 

X 

X 

X 

X 

X 

Less Dense 

.37 


X 

X 

X 

X 

X 

X 

X 


.75 

X 

X 


X 


X 

X 

X 

Gas Holes 

CVJ 

• 

X 


X 


X 

X 

X 

X 


.37 

X 

X 


X 

X 

X 

X 

X 


.75 

X 

X 

X 

X 

X 

X 

X 

X 

Sponge 

.12 

X 

X 

X 


X 

X 

X 

X 

Shrinkage 

.37 

X 


X 

X 

X 

X 


X 


.75 

X 

X 

X 


X 

X 

X 

X 

Dendritic 

.12 

X 

X 

X 

X 

X 

X 

X 

X 

Shrinkage 

.37 

X 

X 

X 




X 

X 

/ 

.75 

X 

X 

X 

X 

X 




Branching 

.12 






X 


X 

Shrinkage 

.37 








X 


.75 

X 

X 

X 



X 

X 

X 

Shrinkage 

.12 

X 

X 



X 

X 


X 

Cavity 

.37 

X 

X 


X 

X 

X 

X 

X 


.75 

X 




X 



X 


* Grade as given refers to the severity of the defect whose image appears 
in the radiographic illustration. The grades increase in severity from 1 
to 8 . The determination of a given grade and the number of grades has been 
surbitraiy and based upon judgment. 
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fOjU. 


Fig. 18. Microradiographs of a ball from a flagpole whisker 
of BeO, Spot is a flow in the X-ray plate. 

Magnification: 1625 X. 


46 











MOLTR 61-49 


"Flagpole" whiskers of alvonlnum oxide have also heen grown using the 
same technique as that used for the beryllium oxide "flagpole" whiskers. 

But alinainvim oxide whiskers were grown without balls which had preferential 
growth directions (Fig. 19). This was accomplished by growing the whiskers 
on oriented single crystal substrates. 


X-RAY DIFFRACTION 

X-ray diffraction in conjunction with polarized light optical 
observations, was vised in the structural analysis of beryllium oxide 
(BeO) whiskers. These whiskers belong to the hexeigonal crystal symmetry 
system. As is characteristic of many crystals, these specimens grew in 
several shapes. X-ray diffraction measurements indicated that most 
specimens grew with the c axis (OOOl) perpendicular to and the (1010) axis 
parallel to the whisker axis. However, a few whiskers had their c axis 
60® fran the whisker axis. In Fig. 20 is illustrated an example of a 
single whisker having both the c axis perpendicular to the whisker axis 
and suddenly changing to 60® toward the tip of the whisker. Platelets 
were also grown which were long in the same direction that the above 
whiskers were long, and the c-axis was found to be parallel to the 
width of the platelet. 


ULTRASONIC STUDIES AT 1,000 Me AND ABOVE 

With the recent success in generating ultrasonic waves in the kilo- 
megacycle region, a new field of ultrasonic investigation has been under¬ 
taken at this Laboratory. At present, using a frequency of 1,000 Me, the 
resonance between phonons and spin waves, which occurs in magnetic 
materials when the energy and momentum of these waves become equal, is 
being studied. The Interaction of the magnetization vector with the 
elastic strains (as observed in magnetostriction) is the cause of inter¬ 
esting non-reciprocal acoustic properties of the magnetic crystal. For 
example, when the elastic wave propagation vector and the magnetization 
lie along the same axis, circularly polarized shear waves of different 
senses have unequal velocities and attenuations. The effects of this 
coupling are most pronounced at frequencies and magnetic fields which 
conrespond to this phonon-spin wave resonance. 

To generate elastic waves at these frequencies, a thin quartz rod 
many wavelengths long was placed in such a manner that its tip protrudes 
into the high electric field portion of a re-entrant type cavity. Because 
of the ease at which the free end can move, an elastic wave is generated 
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Fig. 20. This kinked whisker is an example of the c axis perpendicular to the 
whisker axis in the lower portion and the c axis suddenly changing 
to 60° with the whisker axis toward the tip of the whisker. The 
magnified inset of the kinked portion shows the striations parallel 
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at the surface of the rod by means of the piezoelectric action of the 
quartz, A 1,000 Me double re-entrant cavity, constructed as small as 
possible to allow it to be placed between the poles of a magnet, is shown 
in Fig. 21. Preliminary attenuation and velocity measurements made with 
this cavity in AC,, BC, and X-cut quartz delay lines are in agreement with 
those made by other investigators. Attenuation in small or highly 
attenuating crystals is measured by cutting the crystal samples into small 
discs and sandwiching them between two similar quartz rods as shown in the 
figure. A thin film of indium metal on the flat surfaces of the sample 
and delay lines produces a thin but relatively strong bond when a slight 
pressure is applied to the sandwich for a short time. This bond is 
usable over the wide temperature range from room temperature to 4**K. After 
the technique of bonding crystalline quartz to the sample was understood, 
pulses of 1,000 Me transverse elastic waves were transmitted through a 
BC-cut quartz-yttrium iron gamet-BC cut quetrtz sandwich at room tempera¬ 
ture, 7T“K and 4®K. The attenxiation of this sample in these initial 
measurements did not appear to be a function of magnetic field strength 
or direction. In addition, apparatus to extend these measurements to 10 
Kmc is being assembled. 


LOW TiMEEIElATURE ULTEIASONIC ATTENUATION IN PAST 
NEUTRON IRRADIATED FUSED SILICA 

Low temperature ultrasonic attenuation measurements have been made 
in fused silica before and after heavy fast neutron irradiation. The 
purpose of this study was to obtain Information about the mechanism 
responsible for the low teraperattire attenuation as related to the structtire 
or defects of glass and the changes which occur as a result of the fast 
neutron bombardment. In addition, annealing studies were made on the 
irradiated san5)le in order to study the recovery of the irradiation- 
induced attenuation change as a function of ten^erature. 

A broad attenuation curve (as Illustrated in Fig. 22), attributed to 
a structural relaxation with a distribution of activation energies, occurs 
at low tenperatures. The shape of the loss curve is dependent upon the 
distribution of activation energies while the amplitude is proportional 
to the number of struct\iral units which contribute to the relaxation 
process, A heavy fast neutron irradiation produced no change in the shape 
of the cvirve while the amplitude decreased considerably. A damaging 
mechanism which either inactivates or does not noticeably affect the 
contributing units is Indicated. In addition to point defects produced 
by displacement collisions, thermal spikes with temperatures above the 
softening point of fused silica, lasting on the order of 10“^ seconds 
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Fig. 21. Cavity for generation and detection of 1,000 Me 
elastic waves 
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Fig, 22, Comparison of internal friction in two samples of 
fused silica before and after heavy fast neutron 
irradiation (>5 x 10^’ neutrons/cm^) using shear 
waves. 
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and having radii of the order of 10 Angstroms, are a possible cause of the 
irradiation-induced damage. A relaxation loss mechanism associated with 
a non-impurity defect appears to be consistent with the results of this 
study. 


EFFECT OF IMPURITIES ON TRANSFER OF VIBRATIONAL 
ENERGY IN LIQUIDS 

The cause of an ultrasonic loss in non-associated liquids has been 
shown to be due to a thermal relaxation effect. In liquid carbon disulfide 
this involves a transfer of energy between the vibrational and trans¬ 
lational degrees of freedom. In accounting for the temperature and 
pressvire dependence of the vibrational relaxation time of liquid carbon 
disulfide, it appeared that only binsoy collisions were important. A 
complete study of the problem of collisions between like molecules was 
made by examining the relaxation time of carbon dioxide from the gas to 
the liquid state. The concliision was that binary collisions were 
responsible for the transfer of energy in the gas and liquid, and that 
there was very little difference in the vibrational relaxation mechanism 
in the two states. The next step in this study was to compare further 
the mechanism of vibrational energy transfer by investigating the effect 
of impurities, that is, the effect of collisions between unlike molecules 
on the vibrational relaxation time in liquid carbon disulfide. 

Ultrasonic attenuation measurements were made in liquid carbon 
disulfide at a temperatiore of 25’*C. Fran this measurement the relaxation 
frequency and relaxation time of the liquid were calculated. Further 
measurements were meide when methyl, propyl, and butyl alcohol were added 
in concentrations up to .06 mole per cent. In each case the relaxation 
frequency was increased linearly with the amount of impurity added, (see 
Fig. 23). The relaxation frequency of the pure carbon disulfide was 
78.0 Me, The shifts in relaxation frequency of liquid carbon disulfide 
at 25®C caused by the in^iurities added are: 

Methyl Alcohol I07 Mc/mole per cent 

Propyl Alcohol 255 Mc/mole per cent 

Butyl Alcohol 318 Mc/mole per cent 

The effective collision efficiency, (f^/f^j^),--the shift in 
relaxation frequency of the mixture for a known concentration, divided by 
the relaxation frequency of the pTire substance — for the liquid was 
compeired to the collision efficiency for gaseous carbon disulfide containing 
the same impurities. The results showed that (^AB/^AA^liq “ (^Ah/^AA^gas 
within experimental error. 
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THE RELAXATION FREQUENCY OF 
LIQUID CSa CONTAINING SMALL 
AMOUNTS OF IMPURITIES. T=25“C 



0.2 0.3 0 4 0.5 0.6 0.7 0.8 0.9 

% IMPURITY (MOLE FRACTION) 


Fig. 23. Relaxation frequency of liquid CSj containing 
small amounts of impurities of methyl, propyl 
and butyl alcohol, T = 25®C. 
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This experiment shows that the unlike collision process 
state has the same mechanism as the unlike collision process 
state. 


in the liquid 
in the gas 
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